Figure 1. Representation of DsbD and Its Derivatives (A) Membrane topology of DsbD. Large spheres represent the essential cysteines. (B)
Representation of the DsbD derivatives used in this work. The first TM segment of MalF and the DsbD signal sequence (DsbDss) were fused to ␤ and ␤␥, respectively, in order to assist them in correctly inserting into the membrane. To export ␥ to the periplasmic space, the alkaline phosphatase signal sequence (APss) was fused at its N terminus. 1A). These features of DsbD prompted us to propose a plasmic domains, one at the N terminus comprising approximately 140 amino acids and the second one lomodel for its activity in which electrons are passed from cytoplasmic thioredoxin (TrxA) to membrane-imbedded cated at the C terminus, resembling a thioredoxin-like fold ( Figure 1A ). Both of them are quite conserved cysteines and thence to cysteines in the periplasm (Stewart et al., 1999) . In this paper, we report results among all DsbD homologs. These domains are connected through a hydrophobic central core that shows providing in vivo evidence that DsbD sequentially transfers reducing potential along its three structural domains similarity to CcdA proteins, required for cytochrome c biogenesis in both Gram-positive and -negative bacteria directly from cytoplasmic thioredoxin to periplasmic substrates, and that this transfer involves a cascade of (Schiott et al., 1997; Deshmukh et al., 2000). Notably, CcdA and the hydrophobic core of DsbD share a similar disulfide bond formation and reduction steps. membrane topology and contain two essential cysteines located in the lipid bilayer (Deshmukh et al., 2000). Thus, Results sequence comparisons suggest possible evolution from three separate domains into a single polypeptide chain.
DsbD Can Be Split into Its Three Structural Domains without Losing Activity
We chose to engineer a set of compatible plasmids that expressed the three domains of DsbD as individual To examine the possibility that disulfide bond oxidation and reduction constitutes the mechanism of electron or combined polypeptides. Accordingly, we split DsbD at two different positions: (1) between the early periplastransfer in DsbD, we had to distinguish different oxidation states of the protein. Furthermore, we sought to mic domain and the hydrophobic core and (2) between the hydrophobic core and the thioredoxin fold. In this analyze the interaction between, on the one hand, cysteines in the different domains of the protein and, on the way, we generated constructs encoding five different polypeptides named ␣, ␤, ␥, ␣␤, and ␤␥ (see Figure 1B other hand, TrxA, DsbC, and DsbD by detecting disulfide bonded intermediates between them. However, as and Experimental Procedures). In each construct, we have replaced the two nonessential cysteines of DsbD DsbD contains six essential cysteines, it appeared difficult to distinguish the oxidation state or interactions with alanines.
To determine whether DsbD is still active when sepabetween the individual cysteines.
To bypass these difficulties, we chose to split DsbD rated into two or three polypeptides, different combinations of its structural domains were analyzed for their into smaller polypeptides, each containing no more than two cysteines. The success of this approach requires ability to function both in the reduction of DsbC, and in the assembly of c-type cytochromes. In all cases, we that simultaneous expression of these polypeptides should restore activity, thus ensuring electron transport determine the oxidation state of DsbC by acid trapping of cell extracts and alkylation of free cysteines with AMS. from the cytoplasm to the periplasm. DsbD appears, based on the deduced topology, to consist of two peri-
The addition of the high molecular weight alkylating Cells were induced with 0.2% arabinose, harvested at mid-log phase, precipitated with TCA, and subjected to AMS alkylation. DsbC that is reduced becomes alkylated and displays a higher molecular weight than oxidized DsbC. The dsbD ϩ strain FED389 containing no plasmid was used in lane 1. All other lanes use the dsbD Ϫ strain FED386 containing different plasmids as follows: (2) no plasmid, (3) pFK093, (4) pFK094, (5) pFK051, (6) pFK094 and pFK051, (7) pFK017, (8) pFK049, (9) pFK049 and pFK017, (10) pFK051 and pFK017, (11) pFK060 and pFK017, (12) pFK051 and pFK060, and (13) (Figure 2A, lanes 1  and 3) . However, when any of the three DsbD structural exchange reactions occurring in this three-component system mimic those that take place in the intact moledomains was removed from the system, DsbC accumulated in the oxidized state (Figure 2A, lanes 4, 5, 7, 8, cule. If the set of reactions involves the transfer of a disulfide bond from one domain to another, as has been 10, 11, and 12). Remarkably, when all the constituents of DsbD were expressed simultaneously as two polysuggested for DsbB (Kishigami and Ito, 1996) , it should be possible to establish the sequential order in which peptide chains (Figure 2A , lanes 6 and 9) or even as three separate proteins (Figure 2A, lane 13) , the reduction of these players participate, using this system. The simplest way to study this question is to disrupt the electron DsbC was reestablished. These results indicate that all three domains of DsbD are required, but do not need pathway by taking one domain away from the system, and then to assess the redox status of the remaining to be part of a single polypeptide chain to be able to transfer reducing potential from the cytoplasm to DsbC. components. Those domains that act at a step later than that of the removed component should be unable to The effect of splitting DsbD was also examined by assessing the ability of the separated domains to promote receive reducing potential, and thus would remain in their oxidized form. In contrast, those domains that acc-type cytochrome biosynthesis. The c-type cytochromes are normally expressed under anaerobic growth condicomplish their function at a step prior to that of the removed component would accumulate in the reduced tions. However, we were able to study cytochrome c biogenesis under aerobic conditions by expressing the form or, alternatively, their redox state would remain unchanged. required genes from an arabinose-inducible promoter inserted upstream from those genes (see Experimental As a prerequisite for this analysis, we should be able to distinguish the oxidized and reduced isoforms of the Procedures). In the absence of DsbD, the assembly of the holocytochrome NapB is completely abolished, but constituent domains ␣, ␤, and ␥. In other words, the apparent molecular weights of the reduced polypepsome NapC residual assembly activity is still observed (Stewart et al., 1999) . Therefore, only the biosynthesis tides should be shifted when derivatized with AMS. We found that the alkylated and nonalkylated isoforms of ␣ of the holocytochrome NapB should be considered as indicative of DsbD function. As in the analysis of DsbC, are clearly distinguishable on SDS/PAGE (compare lanes 1 and 3 in Figure 3A ). This shift was due to the the lack of expression of any DsbD domain abolished heme attachment to NapB ( Figure 2B, lanes 4, 5, 7, 8 , alkylation of free cysteines since the reduction per se did not affect the mobility of the protein ( Figure 3A , 10, 11, and 12). But again, when the three structural domains were coexpressed as two or three independent lane 2). The AMS treatment also shifted ␤ to a higher molecular weight position ( Figure 3B , compare lanes 1, polypeptides, holo NapB assembly was rescued ( Figure  2B, lanes 6, 9, and 13) . 2, and 3). However, only a fraction of the molecules were alkylated ( Figure 3B, lanes 3) . The accessibility to AMS Altogether, our data indicate that these truncated proteins assemble in the membrane into a functional entity might be partly restricted due to the high hydrophobicity of this polypeptide. Remarkably, in a trxA Ϫ background, domains were fused into a single molecule (e.g., ␣␤ and the band corresponding to the reduced isoform of ␤ ␤␥), the remaining polypeptide became more accessible disappeared ( Figure 3B , lane 4), suggesting either that:
to AMS (Table 1 and data not shown). It may be that (1) the two cysteines are engaged in a disulfide bond or when DsbD is split into two polypeptides instead of (2) these residues become inaccessible to AMS alkylthree, the system works more efficiently, and the rereation for other reasons. duction of the separate domain is achieved faster. The expression of the fusion APss-␥ yielded mainly When the plasmid expressing ␥ is not included in the three bands ( Figure 3C, lane 1) . Their mobilities were three-component system, the redox state of ␤ remains not altered by reduction with DTT ( Figure 3C, lane 3) .
unchanged. However, ␣ becomes completely oxidized The main bands probably correspond to the unpro- (Table 1) . Similarly, in cells expressing the two-compocessed and mature forms of ␥, while the third band likely nent system, ␣ and ␤␥, essentially all ␣ is in the reduced represents a degradation product. Only a small proporstate, but ␣ is completely oxidized when ␤␥ is removed tion of the unprocessed form was accessible to alkyl-( Figure 3A , lanes 4 and 5). This result indicates that ␥ is ation, even by treating the cells with DTT. However, required for the reduction of ␣. In other words, in the a vast fraction of the mature form shifted to a higher pathway of transfer of electrons from cytoplasmic thioremolecular weight upon AMS treatment ( Figure 3C , lanes doxin through DsbD, ␥ acts before ␣ but later than ␤.
and 4), indicating that its cysteines were in the dithiol
When ␣ is removed from the three-component sysform. Notably, in the absence of ␣␤, essentially all the tem, the redox state of the remaining peptides remains mature ␥ migrated as the oxidized form ( Figure 3C , lane 5).
unchanged (Table 1 ). This finding is consistent with the In summary, all these results indicate that the reduced previous result, suggesting that ␣ is the last destination and oxidized forms of ␣, ␤, and ␥ are clearly distinguishof the electrons in DsbD before being transferred to the able. The composite polypeptides ␣␤ and ␤␥, bearing periplasmic substrates. In the absence of ␣, there is no four cysteines each, were not included in the analysis acceptor for the electrons that have been passed into since the oxidation state of specific cysteines could not DsbD from thioredoxin. Finally, in the absence of ␤, the be unequivocally determined.
rest of the components become completely oxidized With these results in hand, we aimed to determine ( Table 1 ), implying that ␤ is involved in the earliest step whether the electrons follow a sequential pathway in transferring electrons from thioredoxin and that it, in among these domains. When ␣, ␤, and ␥ were simultaneturn, transfers those electrons to the periplasmic doously expressed from compatible plasmids, all of their mains. active cysteines were partly accessible to the alkylating reagent AMS (Table 1) . Interestingly, when two of the According to the DsbD topology, ␤ is the only domain (data not shown).
Gordon et al., 2000). However, these studies do not
These results strongly suggest that Cys-109 is the indicate whether this pathway involves direct interacactive cysteine that reacts with DsbC. Further, the role of tions between these proteins or whether other intermeCys-103 may be to resolve this mixed ␣-DsbC disulfide, diates are involved. Detection in vivo of DsbD-DsbC resulting in a changed arrangement of disulfide linkages and DsbD-TrxA mixed disulfide complexes would indiin both proteins. cate that DsbD interacts directly with these two proteins. Therefore, we sought to detect these complexes and, further, to identify the cysteines in DsbD that mediate Identification of a Mixed Disulfide between ␣ and CcmG these interactions.
We initiated these studies using the three separate 1 to 4) , pFK068, pFK053, and pFK017 (lanes 5 and 6), pFK069, pFK053, and pFK017 (lanes 7 and 8), pFK051, pFK70, and pFK017 (lanes 9 and 10), pFK051, pFK071, and pFK017 (lanes 11 and 12), pFK051, pFK053, and pFK128 (lanes 13 and 14), and pFK051, pFK053, and pFK129 (lanes 15 and 16) TrxA is the direct electron donor and to identify the expression of CcmG and ␣; (3) both CcmG and ␣ antiDsbD residue mediating this interaction, we employed bodies recognized the same band; and (4) the complex the strategy described above-replacement of essential disappeared when the reductant DTT was added.
cysteines and trapping of the mixed disulfide. Finally, the immunoblot pictured in Figure 5A indiWe found it difficult to detect mixed disulfides that cated that ␣ C103A is capable of forming mixed disulfides involved ␤ as a single polypeptide. Perhaps the fusion with additional components. Whether these molecules of a ninth TM segment at its N terminus slightly alters truly represent undiscovered DsbD substrates remains the structure of this domain, diminishing its affinity for its to be investigated.
partner. Therefore, we decided to use the more efficient two-piece system composed of ␣ and the fused ␤␥ domains. We observed a mixed disulfide of approximately DsbD Directly Interacts with TrxA via Cysteine 163 50 kDa reacting with TrxA and ␥ antibodies when either Our model for electron flow through the domains of DsbD predicts that DsbD would interact with the elecnone of the essential cysteines were exchanged, or In this paper, we describe a novel mechanism of electron transfer across a membrane. Our results support the and 10). Since the complex depends on TrxA expression (Figure 6, lanes 3 and 4) , and the apparent molecular proposal that the E. coli cytoplasmic membrane protein DsbD utilizes at least two thiol redox reactions among weight was approximately the sum of the weights of ␤␥ and TrxA (59 kDa), we postulate that this complex its structural domains to transfer electrons from cytoplasmic thioredoxin to substrate proteins localized in represents the mixed disulfide TrxA-␤␥. Similar results were obtained using the complementhe periplasm. The process involves the passage of reducing equivalents among three domains of DsbD; each tary two-piece system "␣␤ ϩ ␥" (not shown).
The complex with thioredoxin was more abundant domain contains a pair of cysteines essential for these reactions. The finding that cytoplasmic TrxA forms a when cysteine 285 was mutated (Figure 6, lanes 11 and  12) . The simplest explanation for this observation is that mixed disulfide with DsbD via the cysteine located at position 163 indicates a direct interaction between these the formation of this mixed disulfide is due to an attack on oxidized thioredoxin by cysteine 163. This would be two proteins (Figure 8 ). The reducing equivalents generated by this reaction are then used to reduce the thioresimply the reverse reaction of the normal pathway for passage of electrons across the membrane. The abdoxin-like domain ␥, and finally transferred to the catalytic domain ␣. The ␣ domain then utilizes the active sence of C285 may prevent, then, the resolution of the disulfide-bonded complex. A prediction of this hypothecysteine at position 109 to form a mixed disulfide with an oxidized periplasmic substrate such as DsbC. The sis is that the formation of the complex thioredoxin-␤␥ C285A should be enhanced in a strain where oxidized mixed disulfide is probably resolved by a nucleophilic attack of cysteine 103 that results in release of the subthioredoxin is present in high amounts. To test this prediction, we determined the amount of the complex in a strate in its reduced state. Our results are consistent with a mechanism in which thioredoxin reductase mutant (trxB Ϫ ). Consistent with our proposal, we observed a substantial increase in the the reducing equivalents are passed from cytoplasmic thioredoxin ultimately to DsbD substrates simply by a amount of the thioredoxin-␤␥ C285A complex ( lanes 1 and 2), pFK086,  pFK094, and pFK145 (lanes 3 and 4), and  pFK86 and pFK101 (lanes 5-8). (B) Same as above but using antisera against ␥. with, 1998, 2000) . DsbC, which normally acts as a reductant or as a thiol-disulfide isomerase, can operate as an speculate that DsbD evolved by acquiring ␣ and ␥. Peroxidant in the absence of a functional DsbD (Rietsch et al., 1996). These and other examples indicate that in any of these thiol-redox reactions between two different proteins, the reaction can proceed in either direction. Our results suggest that this is also the case for DsbD. In the absence of a cytoplasmic source of reducing potential, DsbD can initiate a nucleophilic attack on the normally reducing TrxA. Whether or not this reaction ever occurs in wild-type cells remains to be studied.
Our data suggest that DsbD uses a single mechanism to reduce all of its substrates in the periplasm. This interpretation is supported by the fact that proteins with diverse functions, such as DsbC and CcmG, form mixed disulfides with DsbD via the cysteine at position 109. We presume that DsbD also uses this residue to interact To analyze the formation of mixed disulfides and to determine the gene region. In brief, the ClaI-KpnI fragment from pBAD18, containing araC and the P BAD promoter, was ligated in between two in vivo redox state of the proteins, free thiols were acid trapped and alkylated with the high molecular mass reagent AMS (4-acetamidootherwise adjacent fragments that had been previously amplified employing the primer pairs ccm1F-ccm1B and ccm2F-ccm2B (Table  4Јmaleimidylstilbene -2,2Ј-disulfonic acid, Molecular Probes, Eugene, OR) as described (Stewart et al., 1999) . When indicated, DTT 3), and digested with AccI and KpnI, respectively. The product was used to replace its chromosomal counterpart following an estabwas added to the samples at a final concentration of 40 mM. The visualization of c-type cytochrome in-gel was performed as indilished protocol (Link et al., 1997) .
cated (Stewart et al., 1999) .
Plasmid Constructions
The parental plasmid pFK093 was obtained by amplifying a DNA Acknowledgments fragment using primers DsbD-24F and DsbD ϩ 63B (Table 3) To express ␤, preserving its native topology, the first TM segment 
